Introduction {#S0001}
============

Multiple lines of evidence have demonstrated that radiation dose escalation is associated with improvement in clinical outcomes of patients with prostate cancer receiving radiotherapy.[@CIT0001]--[@CIT0003] Due to the close proximity of the prostate to the anterior rectal wall, rectal acute toxicity≥grade 2 is 20--61%[@CIT0004]--[@CIT0006] and late toxicity≥grade 2 is 9--37.6% depending on follow-up length and the toxicity criteria[@CIT0001],[@CIT0002],[@CIT0007],[@CIT0008][@CIT0008] even in the modern era of image-guided radiotherapy (IGRT). Therefore, radiation proctitis is a limiting factor for dose escalation. In recent years, several radio-protectors including sucralfate retention, misoprostol rectal suppositories, and oral mesalazine, etc, have been investigated in many types of human malignancy including prostate cancer.[@CIT0009]--[@CIT0011] However, few of these radio-protectors have been proven effective in improving radiation-induced proctitis. Amifostine has been shown to effectively prevent proctitis in some clinical investigations.[@CIT0012]--[@CIT0016] However, its use was not commonly used in clinics due to many reasons including side effects, low level of present evidence, cost--benefit assessment, and noncompliance issues. An implanted rectal spacer can create rectal sparing but was mainly used in early-stage prostate cancer without capsular penetration[@CIT0017]

Epinephrine is one of the most commonly used vasoconstrictors that can prevent peptic ulcer bleeding and nose mucosa bleeding, and can also extend the effect of local anesthetics when its mixture is administered to slow down absorption. Epinephrine was also investigated as a potential radio-protector in many preclinical studies. For instance, Prewitt and Musacchia^18^ found that intraperitoneal infusion of epinephrine decreases radiation-induced death in hamsters when compared with infusion of saline. The authors believed that epinephrine might reduce blood flow in the spinal cord and improve the anoxic environment in the spinal cord, which relieves radiation damage[@CIT0018][@CIT0018][@CIT0018] Steckel et al[@CIT0019] observed that intra-arterial infusion of epinephrine prevents radiation-induced nephritis in an animal model[@CIT0019]. Gao et al[@CIT0020] reported that topical use of epinephrine on the skin and oral mucosa significantly reduces radiation-induced damage in a mice model[@CIT0020].Altogether, the results of the above preclinical studies have suggested that epinephrine might be an effective radio-protective agent.

We hypothesized that intra-rectal use of epinephrine immediately prior to radiation treatment might relieve radiation proctitis. We therefore launched this pilot randomized study to assess the safety and effectiveness of intra-rectal epinephrine on radiation proctitis in prostate cancer patients receiving radiotherapy since intra-arterial infusion of epinephrine can increase blood pressure and cause other cardio-cerebrovascular events, which can be very dangerous in clinical practice.

Methods and materials {#S0002}
=====================

Eligibility and accrual {#S0002-S2001}
-----------------------

All patients had a diagnosis of prostate cancer, and elected to receive definitive radiotherapy or adjuvant/salvage radiotherapy after prostatectomy. All patients underwent history and physical examination, as well as normal blood work, including complete blood count, aspartate aminotransferase, alanine transaminase, serum creatinine, and blood urea nitrogen. Definitive versus postoperative radiation and pelvic versus prostate radiation were stratified between the epinephrine group and the saline control group. Patients with evidence of metastatic disease were excluded from this study. Hormonal therapy was permitted. All eligible patients signed informed consent about this study prior to the protocol treatment. This protocol was approved by our Institutional Review Board and was conducted in accordance with the Declaration of Helsinki.

Application of epinephrine suspension {#S0002-S2002}
-------------------------------------

Prior to this pilot randomized study, we recruited healthy volunteers for use of the epinephrine dose, in order to decide the clinical safety of intra-rectal infusion of epinephrine. At first, we recruited five volunteers for topical use of epinephrine on nasal mucosa. Epinephrine suspension at a dose concentration of 1:10,000 (0.1 mg/mL) or 1:20,000 (0.05 mg/mL) was dropped on nasal mucosa. The turbinal mucosa was found to turn white and shrank after the use of epinephrine. The onset time and duration of these two dose concentrations were 16.4±5.5 s versus 37±13.9 s and 21±4.2 min versus 14±2.2 min for 0.1 mg/mL versus 0.05 mg/mL, respectively.

Based on the above results, we chose epinephrine at a concentration of 1:10,000 for intra-rectal use of epinephrine. We then recruited four additional volunteers to receive intra-rectal administration of epinephrine suspension (40 mL, 1:10,000). Rectal mucosa was continuously observed through endoscopy. The onset time to constrict rectal mucosa vessels was 5±0.8 min and the duration of the constriction was 22.5±2.9 min ([Figure 1](#F0001){ref-type="fig"}). All healthy volunteers signed informed consent about this study.Figure 1Representative endoscopic evaluation of rectal mucosa after intrarectal infusion of epinephrine. (**A**) Normal rectal mucosa before epinephrine. (**B**) Constriction of rectal mucosa after intrarectal use of epinephrine.

Based on the above results in healthy volunteers, we chose intra-rectal use of epinephrine at a concentration of 1:10,000 (0.1 mg/mL) in this randomized pilot study. Patients were randomized to receive either intra-rectal infusion of epinephrine (4 mg/40 mL) (experimental group) or normal saline of equivalent volume (control group) via 50-cm^3^ syringe in the prone position before each radiation treatment. Patients were asked to remain in the prone position for 5 min after administration, and then asked to become supine for prostatic radiotherapy. Patients were asked to have a bowel movement soon after treatment. All patients were blind to receiving intra-rectal epinephrine or normal saline before and after radiotherapy was initiated.

Radiation therapy {#S0002-S2003}
-----------------

Patients underwent intensity-modulated radiotherapy (IMRT) or three-dimensional radiotherapy to the pelvis, seminal vesicles, and prostate with daily IGRT. Radiotherapy treatment planning was computed tomography based. Before simulation, normal saline of 40 mL was intra-rectally instilled. The prostate, rectum, and bladder were contoured using treatment-planning software after computed tomography-magnetic resonance imaging fusion. The rectum was contoured from the anus (at the level of ischial tuberosities) to a length of 15 cm or until the recto-sigmoid flexure could be identified. For definitive radiotherapy, we prescribed either pelvic radiotherapy (pelvic lymph nodes plus prostate and seminal vesicle) or prostate radiotherapy (prostate and seminal vesicle). The decision to treat pelvic lymph nodes was based on the risk estimate for nodal involvement (greater than 15% from the Roach equations using Gleason scores and pretreatment prostate specific antigen (PSA)). The planning target volume (PTV) was defined as the clinical target volume plus a 0.5 cm margin (0.3 cm to the anterior rectal wall). For adjuvant/salvage radiotherapy, we treated the prostate fossa only. The prostate fossa was contoured based on the Radiation Therapy Oncology Group (RTOG) atlas. A standard fractionation regimen (1.8--2.0 Gy/fraction, 5 fractions/week) was used to treat all cases. Median doses delivered to the pelvis, fossa, and prostate were respectively 46 Gy, 72 Gy, and 76 Gy within 7.2--8.0 weeks. Dose constraints for the rectum were V70≤10%, V60≤20%, and V50≤30%. The prescribed dose must cover at least 95% of the PTV.

On treatment and follow-up evaluations {#S0002-S2004}
--------------------------------------

To evaluate safety, each patient was assessed for systolic blood pressure (SBP) and heart rate (HR) before, 5 min after, and 20 min after intra-rectal infusion of epinephrine or saline. In addition, we saw patients weekly during the course of radiotherapy, at 1 month, 3 months, 6 months, and then every 6 months until 3 years, and then annually after completion of radiation treatment. Toxicities were assessed at the above time points using RTOG acute and late toxicity scoring criteria.[@CIT0021]

Statistics {#S0002-S2005}
----------

This is the first pilot randomized study to assess the feasibility and acute cardiovascular effects after intra-rectal infusion of epinephrine (primary endpoint). Given no clinical data, we estimate 30 participants (15 for each group) to examine this primary endpoint. Considering 10% of patients might not be compliant or might be lost for follow-up, we therefore planned to recruit 34 participants (a sample size) to this randomized study. Summary statistics such as sample proportions, means, and median values were used to describe the patient characteristics. A two-sided Fisher\'s exact test was used for comparing proportions across groups. We used a mixed-effects model, an appropriated statistical method for repeated measurements on SBP and HR. Survival curves were calculated with the Kaplan--Meier method and compared with the log-rank test. All analyses were performed using SPSS14.0 software.

Results {#S0003}
=======

Patients and treatment characteristics {#S0003-S2001}
--------------------------------------

Between January 2011 and February 2012, 34 patients with prostate cancer were accrued to this randomized study, 18 to the saline group and 16 to the epinephrine group. Baseline demographics and characteristics of the patients are summarized in [Table 1](#T0003){ref-type="table"}. Both arms of the study were balanced with respect to age, radiation dose, hormonal therapy, and NCCN risk groups (as shown in [Table S1](#T0003){ref-type="table"}.).Table 1Patient demographicsCharacteristicEpinephrine group (n=16)Control group (n=18)*p*-valueMedian age (years)6866.50.551Prescribed dose\
 76 Gy\
 72 Gy\
37.5% (6/16)\
62.5% (10/16)\
16.7% (3/18)\
83.3% (15/18)\
0.313Hormonal therapy81.3% (13/16)83.3% (15/18)0.932T stage\
 2a--b\
 2c\
 3a\
 3b\
 4\
25.0% (4/16)\
6.2% (1/16)\
12.5% (2/16)\
50.0% (8/16)\
6.3% (1/16)\
33.4% (6/18)\
11.1% (2/18)\
22.2% (4/18)\
22.2% (4/18)\
11.1% (2/18)\
0.422Gleason Score\
 ≤6\
 7\
 8--10\
0 (0/16)\
43.8% (7/16)\
56.2% (9/16)\
5.6% (1/18)\
33.3% (6/18)\
61.1% (11/18)\
0.905Pre-RT PSA (ng/ml)\
 ≤10\
 10--20\
 ≥20\
25.0% (4/16)\
18.8% (3/16)\
56.2% (9/16)\
50.0% (9/18)\
5.6% (1/18)\
44.4% (8/18)\
0.330[^1]

Assessment of acute cardiovascular effects after intra-rectal infusion of epinephrine (primary endpoint) {#S0003-S2002}
--------------------------------------------------------------------------------------------------------

All patients tolerated daily intra-rectal infusion of saline versus epinephrine and radiotherapy well, with a 100% compliance rate. No patient reported cardiovascular symptom side effects after the intra-rectal use of epinephrine or saline. Abnormal increase in blood pressure and/or arrhythmia was not observed after intra-rectal infusion of epinephrine compared with saline control. The differences in SBP ([Figure 2](#F0002){ref-type="fig"}) or HR ([Figure 3](#F0003){ref-type="fig"}) either before or 5 min or 20 min after epinephrine were not statistically significant (p=0.792 and p=0.542).Figure 2Systolic blood pressure (mean$\documentclass[12pt]{minimal}
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Assessment of radiation proctitis (secondary endpoint) {#S0003-S2003}
------------------------------------------------------

All patients completed the protocol treatment without any break related to side effects. At 5 weeks after the start of radiotherapy, the incidence of rectal toxicity≥grade 2 was 27.8% (5/18) for the control group versus 12.5% (2/16) for the epinephrine group, but was not statistically significant (p=0.4). After 2 years, no patients reported rectal toxicity≥grade 2 in either group. Rectal toxicity is summarized in [Figure 4](#F0004){ref-type="fig"}. More toxicity details are supplied in [Table S2](#T0004){ref-type="table"}.Table 2Mean±SD irradiated volume of the rectum (cm^3^)VolumeEpinephrine groupControl group*p*-value*V*~55~23.2±9.220.3±15.10.081*V*~60~16.4±7.511.7±5.00.027*V*~65~10.1±6.86.4±3.50.111*V*~70~4.6±5.42.2±1.90.313[^2] Figure 4Incidence of Radiation Therapy Oncology Group grade 2 toxicity by group in all patients during treatment and follow-up.**Abbreviations:** m, months; wk, weeks.

The irradiated volume of rectum was compared between these two groups. The irradiated volumes in the epinephrine group (V55Gy, V65Gy, and V70Gy) were not significantly different from the control, except for V60Gy, which is statistically significantly larger in the epinephrine group compared with the control group (p=0.027) ([Table 2](#T0004){ref-type="table"}).

Biochemical relapse-free survival {#S0003-S2004}
---------------------------------

All patients were followed at a median 62 months in the range of 57--68 months. The 5-year biochemical relapse-free survival (bRFS) for the epinephrine and control groups was 75.0% and 72.2%, respectively ([Figure 5](#F0005){ref-type="fig"}). No patients died at the most recent follow-up.Figure 5Biochemical relapse-free survival (bRFS) for the epinephrine and control groups.

Discussion {#S0004}
==========

Results of this pilot randomized study have demonstrated that intra-rectal infusion of epinephrine (1:10,000; 40 mL) does not have any significant effect on HR and SBP, as well as acute rectal toxicity, compared with the control group. Furthermore, the initial follow-up results did show less incidence of chronic rectal toxicity (≥grade 2) than the control group at 24 months after the completion of radiotherapy. However, this type of toxicity difference was not observed simply because no incidence of radiation proctitis≥grade 2 was reported in either group beyond 2 years after all patients completed prostatic radiotherapy. Reasons for this difference were unknown. This might be due to the small sample size including a mixed population receiving definitive radiotherapy (median dose of 76 Gy in 38 fractions) versus postoperative radiotherapy (median dose of 72 Gy in 36 fractions) or receiving pelvic radiotherapy versus prostatic radiotherapy alone, or receiving three-dimensional radiotherapy versus IMRT. Nonetheless, given 100% compliance and no difference in acute cardiovascular toxicity, we believe use of epinephrine in patients with prostate cancer receiving high-dose radiotherapy is worth further investigation.

In addition, another advantage of intrarectal administration of epinephrine prior to radiotherapy of prostate cancer, in comparison with other types of administration such as intravenous administration, is that we are not concerned about epinephrine protecting prostate cancers from radiotherapy. This is because epinephrine is inside the rectum and will not be absorbed into the prostate due to the constriction of mucosal vessels. Also, 5-year bRFS for the epinephrine group is not significantly different compared with the control group (75% versus 72.2%). However, we have to admit that daily intra-rectal infusion of epinephrine prior to radiotherapy via syringe indeed brought inconvenience to our patients as well as a workload burden to our healthcare providers (doctors, nurses, and therapists). We have indeed spent enormous time and effort to keep patient compliance and protocol treatment compliance for this pilot study. Therefore, investigation of epinephrine suspension as a radio-protective agent might not be feasible in a large study on prostatic radiotherapy, but results of this pilot randomized study are very promising, and we would recommend development of a new form of epinephrine such as a suppository for future investigation.

Conclusion {#S0005}
==========

Intra-rectal infusion of epinephrine (1:10,000; 40 mL) suspension prior to prostatic radiotherapy is feasible and safe. Its radio-protective effect needs to be further investigated in a large study on high-dose radiotherapy of prostate cancer with a well-controlled dose and dose delivery.

The abstract of this paper was presented at the 2016 and 2017 ASTRO annual meetings as a poster presentation. The poster's abstract was published in "Poster Abstracts" in International Journal of Radiation & Oncology & Biology & Physics: <https://doi.org/10.1016/j.ijrobp.2016.06.1059> <https://doi.org/10.1016/j.ijrobp.2017.06.1227>. The research was self-financed.
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Abbreviation list {#S0008}
=================

SBP, systolic blood pressure; HR, heart rate; RTOG, Radiation Therapy Oncology Group; bRFS, biochemical relapse-free survival; IGRT, image-guided radiotherapy; IMRT, intensity-modulated radiotherapy; PTV, planning target volume; PSA, prostate specific antigen.

Supplementary materials {#S0011}
=======================

Table S1Acute and late proctitis in the epinephrine and control groupsProctitisGroupG1G2G3G4AcuteEpinephrine87.5%12.5%00Control72.2%27.8%00LateEpinephrine25.0%000Control22.2%11.1%00 Table S2Risk in the epinephrine and control groupsRiskEpinephrine group (n=16)Control group (n=18)Low0/160/18Intermediate5/167/18High6/164/18Very high5/167/18
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[^1]: **Abbreviations:** PSA, prostate specific antigen; RT, radiotherapy.

[^2]: **Abbreviation:** *Vx*, volume of tissue exposed to *x* Gy or more.
